Introduction
In mammals, 17b-oestradiol (E 2 ) has powerful effects on multiple neural networks underpinning reproductive and nonreproductive physiology and behaviour. These effects are not limited by the animal's genetic sex because the brains of both males and females are exposed to considerable amounts of oestrogens, albeit with higher circulating levels found in females. A role for oestradiol in the aetiology of neurological and neuropsychiatric diseases is also likely, particularly because oestradiol has been shown to modulate inflammatory processes, pain, anxiety, depressive-like behaviours and cognitive function.
The actions of oestradiol in brain are mediated for the most part by two distinct intracellular oestrogen receptors (ERs). The two major types of ERs include ERa (or NR3A1) and ERb (or NR3A2) and presumably arose as a gene duplication event early in evolution. Of the two receptors, ERa was the first ER to be described and later cloned (1) , whereas ERb is a relative newcomer to the steroid hormone receptor field, having been first described in 1996 (2) . Both ERa and ERb are members of the nuclear receptor superfamily of proteins and their classically described function is as ligand-activated transcription factors (Fig. 1) . Such receptors are characterised by their ability to alter transcriptional activity by binding to oestrogen response elements in the DNA sequence of gene promoters, thereby providing a direct link between steroid hormone signals and gene transcriptional responses (3, 4) . The identification of multiple splice variants for ERb in rodents and humans in particular ( Fig. 1 ) (5-7) has added a further layer of complexity to the genomic regulation of the cell by oestradiol. In addition to their direct transcriptional regulation, it is now apparent that both ER isoforms also participate in nonclassical, often termed 'rapid', oestrogen actions in the brain (8) . In this case, ERa and ERb located in the plasma membrane and cytoplasm have been found to be involved in regulating the phosphorylation status of multiple kinases and other proteins to control intracellular signalling (9, 10) . Because these rapid actions often end up modulating gene expression, and vice versa, the relationship between rapid and genomic actions of ERa and ERb signalling is complex (11) .
In the mammalian nervous system, ERa and ERb are expressed throughout the brain and spinal cord where they have unique but overlapping expression patterns (Fig. 2) . Brain regions such as the preoptic area, bed nucleus of the stria terminalis (BNST), medial amygdala, periaqueductal grey and nucleus of the solitary tract have been reported to express both ERs. Moreover, ERa is the predominant receptor found in the ventromedial nucleus of the hypothalamus, whereas ERb is the predominant form found in the suprachiasmatic, supraoptic, paraventricular hypothalamic nuclei and cerebellum (Fig. 2) . ERa has also been reported to be more prevalent in neurones of the arcuate nucleus, whereas ERb predominates in the dorsal raphe, hippocampus and cortex (12) (13) (14) (15) (16) (17) (18) (19) . Recent studies have also shown that ERa and ERb may be expressed by glial cells as well (20) (21) (22) . Together, these data emphasise the likelihood that ERa and ERb are not merely functional duplicates but can affect differentially the complex behavioural and homeostatic repertoires of animals.
Defining the roles of ERa and ERb in oestradiol-regulated brain function continues to be a major challenge in the field of neuroscience. Initially, the use of ERa and ERb knockout (KO) mice was useful, although interpretations were limited by the global nature of ER deletion throughout the whole mouse. New generation transgenic approaches are now overcoming this issue with tissue ⁄ cell-specific, and inducible, KO paradigms. In addition, the ongoing development of ERa-and ERb-selective ligands and antagonists has been important in defining the roles of these receptors in specific brain regions. When examined using these tools, it is very often the case that the effects of oestradiol in the brain are found to depend more on upon ERa than ERb. It is the intention of this review to focus on roles of ERb in the adult nervous system. For an update on roles of ERb within the developing brain, a recent review by Fan et al. examine the roles of ERb in the neural regulation of fertility, steroid-dependent social, emotional and anxiety behaviours, and conclude with an assessment of potential roles for ERb in hormone replacement therapy (HRT).
ERb and the neural regulation of fertility
It is well established that oestradiol secreted from the ovary plays an important homeostatic role in controlling the activity of the neuronal network regulating fertility. This network uses the gonadotrophin-releasing hormone (GnRH) neurones as the final output neurones to drive pituitary secretion of gonadotrophin hormones. The ways in which oestradiol regulates the activity of the GnRH neurones has been investigated intensively and is divided into a negative-feedback component suppressing GnRH release, and a positive-feedback component responsible for stimulating GnRH secretion to evoke the luteinising hormone (LH) surge that triggers ovulation (24, 25) . Despite receiving much attention, our understanding of the molecular and cellular pathways underlying negative and positive feedback remains rudimentary. Recent studies have highlighted the key role of classical genomic oestradiol signalling through ERa in bringing about positive feedback via a transsynaptic mechanism involving the rostral hypothalamus (26) . Although lacking the same mechanistic detail, it is apparent from global ERaKO that ERa is also critical for normal negative feedback (27) . Together, these studies suggest that ERa is the predominant ER involved in the feedback modulation of the neuronal network controling fertility. The question remains as to whether ERb has any role in oestrogen feedback. The primary reason for posing this question arises from the observation that adult GnRH neurones express ERb and not ERa. Although initially controversial (28) , it is now accepted that GnRH neurones express ERb mRNA and protein in all mammalian species examined to date, including mice (29) , rats (30) (31) (32) , sheep (33) and humans (34) . Thus, although the effects of oestradiol on GnRH neurones through ERa are indirect, there is the potential for direct actions of oestradiol on GnRH neurones through ERb.
Reproductive phenotypes of ERbKO mice
One of the principal difficulties for understanding the potential role of ERb in regulating GnRH neurone behaviour has come from the highly variable reproductive phenotype of ERbKO mouse lines. The initial mouse line produced in 1998 by Krege et al. (35) was reported to have only modestly impaired fertility in that female KO mice had fewer litters and fewer pups. The next ERbKO line produced in Strasbourg exhibited a more variable reproductive phenotype, with female mice displaying normal fertility through to infertility (36) . Because some of this variation was considered to result from the presence of ERb splice variants missing exon 3, an ERbKO null mouse was generated in which ERb and all of its known splice variants were deleted (37) . The male and female mice of this line were infertile, with females also displaying disordered oestrous cyclicity. Thus, the picture from KO mouse lines has evolved from one of variable, modest roles for ERb to it being a key player in reproductive physiology. Although much of the reproductive phenotype of these mice is attributed to abnormalities in the gonads (27, 36) , it remains possible that ERb expressed by GnRH neurones may also be involved.
Potential roles for ERb expressed by GnRH neurones
Evidence for a role of ERb in the oestrogen modulation of GnRH neurones has been accruing slowly over recent years. In keeping with its role as a transcriptional regulator, ERb has been shown to be involved in the suppression of GnRH mRNA expression in GnRHsecreting cell lines such as the immortalised GT1-7 cells (38) (39) (40) . However, GnRH mRNA expression was found to be equivalent in ERbKO and wild-type mice (41) , suggesting that ERb does not have a critical role in suppressing GnRH transcript levels in vivo. Galanin is another gene known to be regulated by oestradiol in GnRH neurones (42) and ERb-selective ligands have been show to recapitulate the stimulatory effects of oestradiol on galanin mRNA levels in GnRH neurones in the rat (43) . Although these experiments have not been able to determine whether it is ERb in the GnRH neurones or elsewhere in the neuronal network that is involved, they raise the possibility that ERb may exert transcriptional actions in GnRH neurones (Fig. 3) . Within GnRH neurones, oestradiol is considered to modulate the phosphorylation status of cAMP response element binding (CREB) protein, providing another mechanism for transcriptional regulation. Two ion channels modulated by ERb-dependent signalling within or outside the GnRH neurone are the voltage-gated calcium channels (VGCC) and calcium-activated potassium channels (K Ca ). Together, these pathways may help suppress pulsatile luteinising hormone secretion (bottom right).
Oestradiol is also considered to exert rapid effects on gene transcription and the electrical excitability of GnRH neurones (44) . Studies by Abraham et al. (45) demonstrated that oestradiol could modulate directly the phosphorylation status of cAMP response element binding protein in mouse GnRH neurones within 15 min, and that this effect was absent in ERbKO mice. More recent studies have begun to highlight the signalling pathways involved in this response by showing a key role of the mitogen-activated protein kinase pathway in mediating the actions of oestradiol on cAMP response element binding protein in GnRH neurones (46) . Recent investigations have also detected rapid effects of ERb-selective ligands on the activity of certain ion channels expressed by GnRH neurones (47, 48) . Specifically, it was found that the ERb-selective ligand diarylpropionitrile (DPN) rapidly potentiates L-type voltage-gated calcium channels (47) at the same time as reducing the afterhyperpolarising current (48) in mouse GnRH neurones. Although the experiments outlined above have not, for the most part, been able to show that the effects of oestradiol or DPN are direct on GnRH neurones (Fig. 3 ), they do provide support for the hypothesis that ERb has a physiological role in mediating the feedback actions of oestradiol in this network.
If ERb expressed by GnRH neurones is important, what might its role be in the feedback regulation of GnRH secretion? As noted above, there is now compelling evidence that ERa is the key ER in the positive feedback mechanism in rodents (49) (50) (51) (52) . Positive feedback is absent in global and neurone-specific ERaKO mice and an ERa-selective ligand, 16a-LE2, is able to generate the LH surge in mice (26) . There appears to be little room for an important role of ERb in positive feedback; the mechanism occurs normally in ERbKO mice (26) and an ERb ligand, 8b-VE2, cannot evoke the LH surge (R. Porteous & A. E. Herbison, unpublished data).
By contrast, despite the predominance of ERa in the negative-feedback mechanism, this receptor is not likely to function alone. One study has shown that basal LH levels are elevated in ERbKO mice (41) , although this was not observed in other studies (53) . Also, classical ERa genomic mechanisms account for only approximately half of the negative-feedback actions of oestradiol on LH secretion in mice (51) . Thus, there is a possibility that ERb may play a minor but significant role in the oestradiol negative-feedback mechanism (Fig. 3) . It has been suggested previously that, unlike the positive feedback mechanism, negative feedback involves many different cellular mechanisms, including direct effects, as well as indirect trans-synaptic and glial cell influences upon GnRH neurones (54) . Future studies will need to dissect the importance of each of these pathways and attribute the influence of ERb, or not, on their functioning. This is a difficult proposition and one that can probably only be undertaken at present through the use of conditional-and cell-specific KO approaches.
ERb, androgen metabolites and the hypothalamicpituitary-adrenal (HPA) axis in the regulation of anxiety-like behaviours
A role for ERb in modulating anxiety-like behaviour
Studies examining the neurobiological actions of ERb suggested that one of its roles might be in controlling the expression of fearand anxiety-like behaviours. Investigations into the effects of oestradiol on anxiety and depressive-like behaviours have shown that different doses, treatment regimens or animal models can result in either oestradiol-induced increases or decreases in the expression of these behaviours (55) (56) (57) (58) (59) . These diverse effects of oestradiol may be the result of its ability to bind both ER subtypes with near equivalent affinity (60) . By contrast, activation or inhibition of a particular receptor subtype might allow greater insight into the role of these receptors in controlling particular behaviours. For example, female ERbKO mice have increased anxiety-like behaviours (61) , suggesting that ERb might transmit an anxiolytic signal. Furthermore, the selective ERb agonist DPN administered to ovariectomised female rats has anxiolytic activity when animals are tested in the elevated plus maze, open field arena and light dark box (62) . Similar effects of other ERb agonists, such as WAY200070 or DPN-S, with the latter being the more selective enantiomer of racemic DPN, also show anxiolytic and anti-depressive like effects (63) . By contrast, ERa agonists appear to have anxiogenic like properties (62, 63) . Further support for ERb mediating an anxiolytic signal also comes from studies showing that the anxiolytic actions of ERb agonists occur after administration to wild-type but not ERbKO mice (64, 65) . Moreover, treatment with ERb agonists can also prevent experimentally-induced anxiogenic states such as those caused by glucocorticoid receptor stimulation of the central nucleus of the amygdala (66) . Together, these studies indicate an important role for ERb within the brain in mediating anxiety-like behaviours (Fig. 4) .
ERb modulates activity of the HPA axis
In mammals, adrenal corticosterone (CORT) secretion is tightly controlled by the neuroendocrine HPA axis that involves the hypothalamus, the anterior pituitary and the adrenal gland. This HPA axis represents the integration of a cascade of neural and humoral signals driven by both the circadian pacemaker, as well as the environment. Threats to homeostasis, whether real or perceived, activate the HPA by funnelling information through neurones located within the hypothalamic paraventricular nucleus (PVN), a major integratory node of the hypothalamus. Within the parvocellular part of the PVN are neurones that contain corticotrophin-releasing factors, most notably corticotrophin-releasing hormone (CRH) and vasopressin (AVP). The release of these hormones into the hypophyseal portal system enhances synthesis and release of adrenocorticotrophic hormone (ACTH) from the anterior pituitary gland. In turn, ACTH acts on the adrenal cortex to cause a rise in plasma CORT. Circulating CORT subsequently acts at the level of the pituitary, hypothalamus and higher brain areas to limit further hormone secretion (67) . Glucocorticoid hormones can also act upon select brain areas to modulate behaviour (66) .
After the initial report identifying ERb (2), its mRNA and protein were shown to be highly expressed within neurones of the PVN (12, 17, 18, 68, 69) , raising the possibility that these ERb containing neurones might represent an important neuroendocrine regulatory system. A large percentage of ERb expressing cells in the PVN are oxytocin, vasopressin and prolactin-immunoreactive neurones (69) (70) (71) (72) (73) and ERb is also colocalised in a small number (10-15%) of CRH containing neurones of the PVN (12, 73) . This distribution suggests that oestradiol could have direct impact upon the function of PVN neurones through ERb. By contrast, ERa is found sporadically in the periventricular PVN (74) and not in CRH, AVP or OXY neurones (73, 75) . Indeed, in vivo studies demonstrated that ERb agonists inhibit the stress-induced increases in ACTH and CORT when given peripherally or when applied to the PVN (63, 76) .
Androgens are metabolised to important ERb ligands
The metabolism of steroid hormones in both central and peripheral tissues has been studied for several decades. In both males and females, testosterone serves not only as a ligand for the androgen receptor (AR), but also as a precursor for other steroids. We now know that testosterone can be converted in brain tissue to oestradiol by the aromatase enzyme (77), or to dihydrotestosterone (DHT) by 5a reductase (78) . Historically, DHT has been used as a potent and selective agonist for ARs because is not a substrate for aromatisation. However, recent studies have proposed that DHT may be a precursor for other steroids that can act on receptors other than the AR (79, 80) . DHT is metabolised to 5a-androstane-3a,17b-diol (3a-diol) or to 5a-androstane-3b,17b-diol (3b-diol) by the actions of several enzymes including 3a-hydroxysteroid dehydrogenase (3a-HSD), 3b hydroxysteroid dehydrogenase and 17b-hydroxysteroid dehydrogenase (79, (81) (82) (83) (84) .
3a-Diol and 3b-diol possess only weak AR binding activity, although it is now apparent that they can initiate cellular responses through other receptor types. 3a-Diol, similar to other 3a tetrahydrosteroids, is a potent allosteric modulator of GABA A receptors, whereas 3b-diol does not posses this activity (83, 85) . As a result, 3a-diol has been implicated in regulating a number of behaviours (2, (86) (87) (88) (89) by modulating GABAergic pathways. Alternatively, 3b-diol will preferentially bind and activate transcription through ERb, whereas 3a-diol does not have this capability (2, 87) .
The conversion of DHT to 3a-diol is a reversible reaction utilising 3a-HSD and 'RoDH-like' 3a-HSD to drive the reaction in the forward and reverse directions (90, 91) . Therefore, it appears that 3a-diol serves as a sink for further DHT and 3b-diol synthesis. By contrast, synthesis of 3b-diol is unidirectional (83) . Ultimately, 3b-diol is converted to inactive 6a-or 7a-triols (5a-androstan-3b,6a,17b-triol; 5a-androstan-3b,7a,17b-triol) by CYP7B1 (92) . Consequently, CYP7B1 may be an important pre-receptor regulatory mechanism for this pathway (79) . Down-regulation of CYP7B1 activity would allow accumulation of 3b-diol, whereas CYP7B1 up-regulation could limit the action of 3b-diol. CYP7B1 has been found at high levels in brain (93) and, although its distribution has never been carefully examined, studies show that its mRNA is found in PVN (62) . Because the brain contains the necessary steroid metabolising enzymes to convert DHT to 3b-diol (93) , it was hypothesised that in brain, the actions of testosterone are mediated by its conversion to DHT and then to 3b-diol. The net result is that the AR is bypassed and ERb pathways are activated (Fig. 4) . This endocrine pathway exists in several androgen-dependent tissues, and its functional significance was first suggested for regulating prostate growth (79) . Moreover, recent data show that mRNAs for 5a reductase, 3a-HSD and 17a-HSD are also present in the PVN of male rats (76) and this is consistent with enzyme activity assays indicating that PVN homogenate can make 3b-diol from 3 H-DHT precursor (L. R. Hinds and R. J. Handa, unpublished data). The active enzyme(s) for brain conversion of DHT to 3b-diol remain unknown. Lund et al. (94) first described the ability of 3b-diol to regulate the HPA axis by testing the ability of peripherally administered 3b-dioldiproprionate to alter stress-responsive CORT and ACTH secretion in castrated adult male mice. These studies demonstrated that peripheral 3b-diol treatment was as effective as peripheral DHT administration to reduce stress-induced CORT and ACTH secretion. The effects of 3b-diol could be blocked by co-administration of the ER antagonist, tamoxifen, but not by the AR antagonist, flutamide, thus implicating ERs. Furthermore, ERb agonists inhibited HPA reactivity in a fashion similar to DHT and 3b-diol. Subsequently, it was shown that both DPN and 3b-diol are not active in ERbKO mice (64) , providing evidence that 3b-diol mediates the effects of DHT on HPA reactivity by activating ERb. Similarly, evidence for the PVN being a neural target of the HPA inhibiting activity of 3b-diol has been found (76) . By using small pellets of beeswax as a carrier for hormone, it was found that the stereotaxic application of 3b-diol to the PVN of castrated male rats mimicked the actions of both central and peripherally administered DHT. Moreover, local application of DPN could also mimic the actions of DHT. These inhibitory actions of 3b-diol and DPN are blocked by co-administration of the ER antagonist, tamoxifen, whereas the AR antagonist, flutamide has little effect. These data suggest that local 3b-diol synthesis by cells in or around the PVN could profoundly impact the function of HPA reactivity to stressors and that compounds that bind ERb are inhibitors of stressor reactivity (Fig. 4) . By contrast, oestradiol appears to act primarily through ERa to augment HPA reactivity because oestradiol and the ERa selective agonist, propylpyrazoletriol, have the opposite action of ERb agonists and increase HPA reactivity to restraint stress (76) . How the HPA axis can distinguish the enhancing from inhibiting actions of a single compound, such as oestradiol, that binds equivalently to both ERa and ERb is currently under investigation. One possible explanation lies in the ratio of ERa to ERb that exists within neurones in and around of the PVN. A greater ERa ⁄ ERb ratio could cause a shift towards enhanced gain and the opposite would be true under conditions where ERb was elevated compared to ERa. Indeed, it has been demonstrated that levels of ERb might change in response to circulating glucocorticoid hormone levels, as well as oestradiol levels (68, 95, 96) , thus shifting the gain of the system.
Another intriguing possibility comes from observation that activation of a gene promoter sequence by oestradiol-bound ERb is not equivalent to that after activation of the same promoter by 3b-diol bound ERb. This is true for both the vasopressin promoter (97) and the oxytocin promoter (98) . Furthermore, using chromatin immunoprecipitation, it has been demonstrated that 3b-diol treatment of N38 hypothalamic cells increased ERb occupancy of a composite hormone response element in the oxytocin promoter, whereas oestradiol treatment did not (99) . Hence, there is the added potential for ligand identity in controlling the inhibitory actions of ERb, and this may exemplify a unique feature of 3b-diol-mediated transcription that differs from that of oestradiol-mediated transcription through ERb binding.
ERb in the regulation of sexual, aggressive, and social behaviours

Role of ERb in the regulation of female sexual behaviour
It is well established that the gonadal steroid hormone E 2 plays a central role in female reproductive behaviour, particularly, lordosis behaviour, a dorsiflexion posture displayed by a sexually receptive female in response to mounting by a male. A series of behavioural analyses using KO mouse models (100,101) and, more recently, brain site-specific gene knockdown methods (102) revealed that binding of oestradiol to intracellular ERa in the ventromedial nucleus of the hypothalamus (VMN), is critical for normal expression of lordosis behaviour. These studies also demonstrated that both ERaKO and VMN-specific ERa knockdown female mice had reduced levels of proceptive posture and vigorous rejection when male mice approached, sexually investigated, and attempted to mount. Lack of functional ERa protein in the VMN in both models also greatly attenuated induction of progesterone receptor (PR), one of the transcriptional gene products of ER activation, by oestrogen in this brain area.
On the other hand, behavioural analysis in ERbKO has revealed that a lack of functional ERb does not affect lordosis and courtship behaviour (103), despite reduced fertility (35) . On the day of oestrus, ERbKO mice are as receptive as wild-type littermate mice, showing approximately 80% of lordosis quotient (% of number of lordosis ⁄ number of mounts and intromissions). As expected, PR induction by oestrogen in the VMN in ERbKO mice was comparable to that in wild-type littermate mice. However, detailed behavioural analysis during the entire oestrous cycle revealed that sexual receptivity of ERbKO mice was not restricted on the day of oestrus, but significantly extended beyond the day of behavioural oestrus. Similarly, ovariectomised ERbKO female mice showed high receptivity not only in the tests carried out after 48 h of oestrogen and 6 h of progesterone treatment, but also those carried out 24 h later, when wild-type littermate mice are no longer as receptive. These behavioural observations suggest that activation of ERb may be necessary to turn 'off' receptivity at the appropriate timing and play a critical role in the fine-tuning of mating behaviour. Although the exact neuroendocrine mechanism of this phenomenon remains to be determined, it is possible that ERb-containing neurones in brain areas other than the VMN (13,17) may be responsible for this type of behavioural control. These include ERb-expressing neurones in the medial amygdala (MA), which is involved in processing matingrelated information, those in the serotonergic midbrain dorsal raphe nuclei (DRN), and ⁄ or those in noradrenergic locus coeruleus (LC). Indeed, PR induction by oestrogen in serotoninergic neurones in the DRN is greatly attenuated in ERbKO, but not in ERaKO, female mice (104) . In a recent study, DRN site-specific ERb knockdown also lowered the number of PR and tryptophan hydroxylase doublelabelled cells. Similarly, oestrogen increased the number of PR and tyrosine hydroxylase double positive cells in the LC in ERaKO mice, as well as in wild-type mice, but failed to do so in ERbKO mice (105) . Thus, although ERa is the key receptor within the VMN Roles for ERb in adult brain function 165 enabling lordosis, it is likely that ERb, possibly located outside of the VMN, has a facilitatory role in limiting the behaviour to the appropriate time.
Role of ERb in the regulation of male aggressive behaviour
ERb also plays a role in the modulation of aggressive behaviour in male mice. By contrast to the almost complete abolition of maletypical aggressive behaviour in ERaKO mice (106) (107) (108) , ERb disruption does not lower the levels of aggression at all. Instead, detailed analysis revealed that ERbKO male mice were more aggressive than wild-type littermate mice, depending on social experience and age, suggesting that ERb activation might rather have an inhibitory role in the expression of aggressive behaviour. Adult ERbKO mice are found to be more aggressive than wild-type littermate mice during the first aggression test but, with the repetition of aggression tests, these genotype differences disappeared (103, 106) . A more striking effect of ERb gene disruption was observed in male mice during the adolescent period where ERbKO mice were significantly more aggressive than wild-type littermate at 5-6 weeks of age. These genotype differences were not apparent at older ages, when wildtype littermate male mice started to be more aggressive than during pubertal period (109). Therefore, it is possible that ERb activation may also be necessary to fine-tune the timing of onset of aggression during peri-pubertal period. To date, behavioural data collectively suggest that: (i) activation of ERa and ERb has opposing effects on male aggression and (ii) ERb may inhibit aggressive behaviour induced by activation of ERa, either alone or in combination with AR activation.
Because possible brain mechanisms underlie the inhibitory regulation of aggressive behaviour by ERb, attention has been focused on the brain areas showing clear differences in the distribution of ERa and ERb (13, 17) (Fig. 2) . It is known that ERb mRNA and protein are highly concentrated in a number of brain areas not particularly rich in ERa, such as the PVN and midbrain DRN. ERb is also localised in limbic areas such as the MA and BNST, which are implicated in the regulation of emotional behaviours, including aggressive behaviours. Among these areas, the total number of ERb-immunoreactive cells was almost twice that of ERa in the ventral subdivision of the DRN, in contrast to the adjacent periaqueductal grey, in which the number of ERb positive cells is approximately one-third that of ERa (110) . Furthermore, dual-label immunocytochemistry revealed that more than 90% of ERb immunoreactive cells in the DRN were also positive for TPH, the ratelimiting enzyme for the serotonergic system known as a major neurotransmitter for the control of aggression. These findings raise the possibility that ERb activation may contribute to the regulation of aggression, in part, by acting directly on serotonergic neurones in the DRN. It is also possible that ERb activated by oestradiol or 3b-diol from DHT (Fig. 4A ) may modulate aggressive behaviour in male mice by regulating the gene expression of neuropeptides, such as oxytocin and AVP, and ⁄ or their receptors in a number of hypothalamic and limbic areas, including PVN, MA and BNST (111) . With the development of ERb specific compounds, it may soon be possible to investigate roles of ERb in behavioural regulation in the therapeutic setting.
Possible role of ERb in the regulation of behavioural responses in social context
As noted above, studies from different laboratories have demonstrated that ERb is involved in the oestrogenic regulation of anxiety levels measured in behavioural tests such as elevated plus and light ⁄ dark transition (65, 112, 113) . For example, the anxiolytic effects of low-dose oestrogen treatment in ovariectomised female mice, as indicated by a longer time spent in the light compartment in the light ⁄ dark transition test, were not observed in ERbKO mice (59) . Behavioural analysis also revealed that ERb might also be involved in the regulation of anxiety in social context and, in turn, behavioural responses to other animals.
Because (i) aggressive behaviours of young ERbKO mice were very impulsive and (ii) adult ERbKO mice are more aggressive than wild-type littermate mice in the very first aggression test, it is possible that social reactivity may be altered in ERbKO male mice compared to wild-type littermate mice. To more precisely control and measure behavioural responses at the first encounter with an opponent mouse, we presented an intruder mouse in a protective shield (a clear perforated plexiglass cylinder) placed in the center of the home cage for 30 min (social instigation procedure) before regular 15 min aggression tests (S. Ogawa unpublished data). Mice in control groups were presented with an empty cylinder. Social instigation potentiated the levels of aggression in ERbKO mice, although it had no effects on wild-type littermate mice. We also found that ERbKO mice in the instigated group showed elevated levels of social investigation (i.e. sniffing toward the holes of the cylinder) than instigated wild-type littermate mice, as well as non-instigated control ERbKO mice. These results suggest that ERbKO male mice may be hyper-reactive to social stimuli. Instigated ERbKO mice also showed higher levels of c-fos induction than instigated wild-type littermate mice, as well as non-instigated control ERbKO mice in a number of brain areas, including the MA and BNST, which are known to be involved in the regulation of aggressive behaviour. These results suggest that ERb may play a role in the regulation of animal's reactivity to social stimuli in male mice. Similar behavioural phenotypes have also been observed in female ERbKO mice. When tested for social recognition using an habituation-dishabituation paradigm, both ERaKO and ERbKO female mice showed impairments, in that their habituation responses (a gradual decrease of social investigation time) to a repeated presentation of the same opponent mouse, and their dishabituation responses (a restoration of social investigation time) to one-time presentation of a new stimulus mouse, were much less than those of wild-type mice (114) . However, ERbKO mice showed much less habituation compared to ERaKO mice and almost the same high levels of social investigation throughout all five trials. The lack of habituation response to social stimuli in ERbKO was even more obvious when they were tested in a discrimination test paradigm, in which the same two opponents were presented in the first four trials and one of the opponents was replaced with a new opponent in the fifth trial (115) . Again, both KO mice failed to show discrimination in the fifth trail, although there was a clear difference in the changes of the total social investigation time between ERaKO and ERbKO mice. Although ERaKO showed a gradual decrease of total investigation time over five trials, ERbKO mice showed a persistently high total investigation time throughout the five trials. These findings suggest that a lack of ERb activation induces hyper-reactivity to social stimuli.
ERb and post-menopausal oestrogen therapy
Menopause and the Womens' Health Initiative (WHI)
A persistent decline in circulating levels of oestradiol is associated with surgical and natural menopause. This fall in oestradiol levels in menopausal women has been found to affect cognition, such as declarative memory (116) (117) (118) . The association between the decline of gonadal hormones and cognition is supported by studies demonstrating that cognitive deficits caused by low levels of sex hormones are reversed by exogenous oestradiol administration under pathological conditions such as Turner syndrome (119) or after surgical procedures such as oophorectomy (120) .
From the early 1960s onward, HRT became increasingly popular for post-menopausal women. This was based on numerous observational studies reporting that HRT ameliorated menopausal symptoms, including mental and cognitive deficits. The idea that oestradiol would improve menopausal-related memory and mental impairment was further supported by numerous reports on the neuroprotective and neurotrophic actions of oestradiol in laboratory animal studies and basic scientific experiments. However, the concept of beneficial oestradiol actions in menopausal women was challenged by the Women's Health Initiative and ancillary Memory Study (WHIMS), which was terminated prematurely in 2002 (121, 122) . The WHIMS study indicated that HRT did not significantly protect cognition and mental disorders and may even cause harm when administered to women over the age of 65 years, with a reduction in brain volume, neuronal size and dendritic spine numbers being detected in HRT participants.
Why were the results from basic science studies and early observational trials so different from those found in WHI ⁄ WHIMS? Several factors may be responsible, including differences in the oestrogen compounds used, their route of administration, cyclic versus continuous regimens, and the concomitant use of progestins. However, the most important factor may be the time of initiation of HRT. In the WHIMS study, subjects were recruited between the ages of 65 and 79 years and had been post-menopausal in a hypoestrogenic state for 10-21 years at the time HRT was initiated (121, 122) . In earlier observational studies, in which beneficial results were reported, HRT treatment was initiated before or around the age of 50 years. Therefore, it has been proposed that a critical period, or therapeutic window, close to the time of menopausal transition may exist during which HRT should be initiated to obtain beneficial effects (123) (124) (125) . The therapeutic window theory is supported by re-analysis of WHIMS data (126), meta-analyses of early clinical trials (127) and studies of the response to oestrogen treatment after bilateral oophorectomy (125) . However, the molecular basis of this therapeutic window is unknown.
ERb splice variants in the brain
ERa and ERb share common nuclear receptor super family features such as an amino terminal domain (A ⁄ B ⁄ domain), a highly conserved DNA-binding domain comprised of two Cys4 zinc fingers (C domain), a hinge region (D domain), a less well conserved C-terminal ligand-binding domain (E domain) and a caudal C-terminal F domain ( Fig. 1) (128,129) . Importantly the cassette nature of these receptors, coupled with the capability of cells to selectively splice out functional domains of the receptors, predicts that multiple splice variants exist and these have now been identified ( Fig. 1 ) (5, 6, 130) .
Of especial interest is the potential dominant negative role of the ERb2 isoform (Fig. 1) . In the rodent, the additional 54bp nucleotides of ERb2 code for an extra 18 amino acids within the ligandbinding domain and these reduce the binding affinity to oestradiol by up to 30-fold (6, 131) . In addition, ERb2 also exhibits weaker interactions with TIF2 and RAP250, which are two transcription coactivators (6, 131) . The changes in binding affinity and the ability for interaction with other coactivators make ERb2, in part, a dominant negative receptor (129, 132) .
ER-mediated neurogenesis and a therapeutic window
Neurogenesis is observed well into adulthood in two brain regions, the dentate gyrus of the hippocampus and the lateral walls of the lateral ventricles, in many mammals, including humans. This observation raises the possibility that neurodegenerative conditions, such as Alzheimer's disease (AD), could be ameliorated by the generation of new neurones. Indeed, the expression of AD pathology markers is accompanied by a decline of neurogenesis in the brains of transgenic rodents (133) (134) (135) (136) and the cognitive deficits induced by human familiar AD mutations can be reversed by neurogenic agents (135, 136) . In addition, conditions associated with major depression, such as social stress, suppress hippocampal neurogenesis in rodents and primates (137) (138) (139) . Furthermore, selective serotonin reuptake inhibitors, the most common antidepressant drugs, increase the extracellular level of serotonin and reverse depression-induced deficits of neurogenesis within the dentate gyrus in the adult rodent and primate brain (140) (141) (142) (143) (144) . These studies suggest that this neurogenic rescue may underlie the behavioural effects of these antidepressant drugs (144) (145) (146) (147) (148) (149) and might possibly provide clues regarding the cellular mechanisms involved in the antidepressive effects of oestradiol observed in rodents.
Oestradiol promotes neural progenitor cell proliferation in the rat hippocampus in vivo under both physiological (150, 151) and pathological (152) conditions. For example, cell proliferation in the dentate gyrus increases during pro-oestrus, when ovarian hormone levels are highest, compared to oestrus and di-oestrus (151) and the augmentation of neural progenitor proliferation results in a transient increase in the number of new granular neurones (153, 154) . Further support for oestradiol increasing neurogenesis comes from the observation that more new cells are found in the dentate gyrus of male pups during the breeding season (when they receive oestradiol from milk) than during the nonbreeding season (155, 156) .
Oestradiol-promoted neurogenesis is mediated by its receptors, of which, ERb is the most important for hippocampus-dependent cognition. Accumulated data suggest that E 2 promotes hippocampal neural progenitor cell proliferation in vitro, in vivo and after brain injury (157) . The E 2 -promoted neural progenitor cell proliferation in rodents is mediated by both ERa and b. Although, in cultured human neural progenitor cells, oestradiol-induced proliferation is mediated by ERb (158), in human neural progenitor cells, ERb expression was predominant relative to ERa, which was barely detectable in human neural progenitor cells. Activation of ERb by the ERb-specific ligand, DPN, led to an increase in phosphorylated extracellular signal-regulated kinase. Furthermore, subsequent centrosome amplification and human neural progenitor cell proliferation were blocked by the mitogen-activated protein kinase ⁄ extracellular-signal-regulated kinase kinase kinase antagonist, UO126, but not its inactive analogue, UO124.
Studies in animals and humans suggest that the brain responds differently to oestrogen therapy depending on age and proximity to menopause (159) . Oestradiol appears to reduce the risk of dementia and depression in younger, recently post-menopausal women, but not in older post-menopausal women (160, 161) . In rats, oestradiol increases the proliferation of neural progenitor cells in the dentate gyrus of recently (within 6 days) ovariectomised (OVX) rats after either a single injection (151) or chronic E 2 treatment (150). However, this effect was attenuated when given to rats OVX for 14 days and had no effect in mice OVX for > 21 days (150) . The data derived from different species (rats and mice) suggest a common phenomenon: time since ovariectomy is inversely proportional to the beneficial effects of E 2 on hippocampal neurogenesis.
The menopausal transition and alterations in ERb isoform expression
Several ERb splice variants are known to exist (Fig. 1) and many of these have been identified in the rat hippocampus (162, 163) . Although the functions of these splice variants are yet unclear, oestradiol binds with low affinity to ERb2 (6, 131, 164) and has been proposed to be a dominant negative receptor when forming a homodimer with ERb or heterodimer with ERa. Interestingly, a variant named ERb2 (also named hERbcx) has also been identified in humans and nonhuman primates, where it results in an additional 26 unique amino acid residues in the C-terminal part of the ligandbinding domain. This variant is unable to bind ligands or coactivators and has no transcriptional activity in reporter assays (165, 166) . Therefore, although the ERb2 variants in rodents and humans are structurally different, the variations in both result in diminished ERb ligand-binding and also preferential dimerisation with ERa. Variations in RNA splicing result from alternative splicing mechanisms in which the exons of the primary gene transcript, the premRNA, are separated and reconnected so as to produce alternative ribonucleotide arrangements for translation. Therefore, it is important to note that alternative splicing is regulated by factors independent of the genomic DNA.
Recent studies suggest that the duration of a period of low gonadal hormone exposure determines the expression profile of ERb2 (62, (162) (163) (164) (167) (168) (169) . Ishunina and Swaab (167) have shown that ERa expression increases with age in post-mortem human brains of both men and women and that, although ERb levels did not change in aged men, they decreased in aged women (167) . Studies in the rodent, however, show an increase of ERb levels after OVX (62, 164) and there is evidence that this involves an increase in the expression of ERb2 in the hippocampus of OVX rats (162, 163) . This finding is similar to the observation that ERb2 increases in the pituitary of female Wistar rats OVX for > 2 weeks (168) . Together, these data suggest that ERb2 expression increases with the time period of gonadal hormone deprivation. As such, determining ERb2 expression and identifying the factors that regulate its gonadal steroid-dependent expression may provide biomarkers for the determination of the most efficient ET window. The determination of the specific function of each receptor isoform will also help in the design and development of more receptor-isoformspecific drugs for menopause-and age-related diseases.
Conclusions
We have highlighted the recent advances in our understanding of how ERb may contribute to the oestrogenic-regulation of adult brain function. The major theme to emerge is that, despite the differential distribution of ERa and ERb within the brain, both receptors appear to be active in mediating the effects of oestrogen on specific brain functions. As such, the role of one receptor isoform cannot be considered in isolation and the search for brain functions controlled exclusively by ERa or ERb may be forlorn. For example, in terms of the neural networks underpinning fertility, female sexual behaviour and male aggressive behaviour, it is clear that ERa is the dominant receptor. The effective output of these networks collapses in the absence of ERa in the ERaKO mice. However, investigators are now finding that ERb is not without a role in mediating some effects of oestradiol in these ERa-dominated neural circuits. Evidence is accruing for a role of ERb in: (i) the regulation of GnRH neurones at the time of negative feedback; (ii) the turning off of lordosis behaviour; and (iii) the suppression of aggressive behaviour in male mice. In some cases, such as aggressive and anxiety-like behaviours, ERa and ERb appear to play counter-balancing roles. This may be the case particularly for splice variants such as ERb2 that can act as a dominant negative receptor. In other cases, exemplified by the reproductive networks, ERb appears to exert a modulatory role upon critical ERa-mediated effects. By contrast to these behaviours, the effects of oestradiol on neurogenesis in the adult brain may be dependent solely on ERb; a unique phenomenon that may represent an avenue for ERb-selective compounds in the future modulation of neural stem cell therapies. Although it is appreciated that much remains to be carried out, the recent development of tools enabling the selective modulation of ERb in specific brain regions has been of great use in going beyond the phenotype of the global ERKO mice to define the typically subtle neuromodulatory roles of ERb. We expect that the future development of more powerful investigative tools will allow further clarification of the roles of ERb in modulating brain function.
